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The Src-like Adaptor Protein Downregulates
the T Cell Receptor on CD4CD8 Thymocytes
and Regulates Positive Selection
same time, potentially useful clones are positively se-
lected. The quantitative selection model proposes that
positive selection results from low-avidity interactions
between TCR and MHC-peptide complexes (Ashton-
Rickardt et al., 1994; Ashton-Rickardt and Tonegawa,
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complexes and on the number of such interactions.
Thus, according to this model, the level of TCR surface
expression is of critical importance for the generationSummary
of thymocyte repertoire.
Positive selection occurs within the population of DPIn this report, we show that the Src-like adaptor pro-
thymocytes that expresses a low level of TCR relativetein (SLAP) plays an important role in thymocyte devel-
to more mature thymocytes and T cells (Shortman etopment. SLAP expression is developmentally regu-
al., 1991). This low level of TCR expression has beenlated; it is low in CD4CD8 thymocytes, it peaks in
proposed to be regulated by posttranscriptional mecha-the CD4CD8 subset, and it decreases to low levels
nisms (Bonifacino et al., 1990; Kearse et al., 1994; Ma-in more mature cells. Disruption of the SLAP gene
guire et al., 1990). Several reports have shown that cer-leads to a marked upregulation of TCR and CD5 ex-
tain experimental conditions, as well as some geneticpression at the CD4CD8 stage. The absence of SLAP
deficiencies, can interfere with this regulation. For exam-was also developmentally significant because it en-
ple, injection of anti-CD4 mAb (Bonifacino et al., 1990;hanced positive selection in mice expressing the
McCarthy et al., 1988) prolonged incubation of thymo-DO11.10 transgenic T cell receptor. Moreover, SLAP
cytes in single-cell suspension (Marrack et al., 1988),deletion at least partially rescued the development of
and disruption of MHC class II (Gosgrove et al., 1991)ZAP-70-deficient thymocytes. These results demon-
or Lck genes (Molina et al., 1992) all resulted in upregula-strate that SLAP participates in a novel mechanism
tion of the TCR on DP thymocytes. Lck, a member ofof TCR downregulation at the CD4CD8 stage and
the Src family of protein tyrosine kinases, has been re-regulates positive selection.
ported to participate in induction of TCR downregulation
(D’Oro et al., 1997). On the basis of these observations,Introduction
it has been proposed that the low level of TCR on DP
thymocytes is under the control of Lck, which is persis-Thymic development is responsible for generating ma-
tently activated in DP thymocytes due to MHC class II-ture T cells capable of recognizing a diverse set of patho-
CD4 interactions (Wiest et al., 1993).gen-derived peptides. Three major populations of devel-
Src-like adaptor protein (SLAP), a protein structurallyoping thymocytes can be defined on the basis of their
resembling Lck, was identified in yeast 2-hybrid screensordered expression of CD4 and/or CD8 coreceptors
by using both the cytoplasmic domain of the receptor(Sebzda et al., 1999; Wiest et al., 1999). These popula-
tyrosine kinase Eph A2 (Pandey et al., 1995) and a por-tions are (1) an early double negative (DN) lacking both
tion of the N terminus of c-Cbl as bait (Tang et al., 1999).coreceptors, (2) an intermediate double positive (DP)
Like Lck, it has a short N-terminal region that can beexpressing both, and (3) the most mature single positive
myristylated (Manes et al., 2000) followed by an SH3
(SP) marked by either CD4 or CD8. TCR gene re-
and an SH2 domain, each of which shares 51% and
arrangement occurs at the DN stage and leads to the
50% identity with the respective domains present in Lck.
expression of a pre-T cell antigen receptor, expression Unlike Lck, SLAP has no kinase domain, containing,
of which is required for progression to the DP stage. instead, a unique C terminus of 104 amino acids.
TCR gene rearrangement takes place at the DP stage SLAP mRNA is predominantly expressed in lymphoid
and, when successful, leads to expression of T cell re- tissues, with the thymus expressing the highest levels
ceptor (TCR)  heterodimers. It is the specificity of the (Sosinowski et al., 2000). Confocal microscopy has
individual clonally distributed TCRs that determines the shown that SLAP colocalizes with endosomes. Although
fate of thymocytes during the subsequent process of it is not detected at the plasma membrane, SLAP has
selection. significant effects on cellular signaling. Ectopic expres-
TCR diversity is generated by random rearrangements sion of epitope-tagged SLAP inhibited TCR signaling in
at the TCR andgene loci. Whereas this creates a large Jurkat T cells (Sosinowski et al., 2000) and PDGF signal-
repertoire of thymocytes with unique antigen receptors, ing in NIH 3T3 fibroblast cells (Roche et al., 1998). On
many thymocytes express either nonfunctional or self- the basis of these observations, we proposed that SLAP
reactive TCR. Such clones are subsequently eliminated is a negative regulator of TCR signaling (Sosinowski et
by apoptosis; thymocytes with nonfunctional receptors al., 2000).
fail to be positively selected, whereas cells expressing Here, we show that SLAP is predominantly expressed
self-reactive TCR undergo negative selection. At the at the DP stage of thymic development, where it appears
to participate in the downregulation of cell surface TCR
levels. Positive selection of SLAP-deficient thymocytes4Correspondence: aweiss@medicine.ucsf.edu
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Figure 1. Generation of SLAP-Deficient Mice
Figure 2. Development of Thymocytes in SLAP Null Mice(A) Partial restriction map of the SLAP locus. A 470 nt-long Bgl II-
Thymocytes were stained for CD4 and CD8 and analyzed by FACS.Xba I fragment containing a part of the promoter region and the
(A) CD4 versus CD8 staining profiles of thymocytes from wild-typefirst 21 amino acids of SLAP open reading frame (ORF) was replaced
(WT) and SLAP-deficient (SLAP/) littermates.with the neomycin resistance (NEO) cassette. Boxes correspond to
(B) Frequency of DN, DP, and SP thymocytes. Results from individualnucleotides defining ORFs of SLAP, NEO, and thymidine kinase (TK)
WT (open circle) or SLAP/ (closed circle) mice and the averagegenes; arrows indicate the direction of transcription; B, BamHI; K,
for each population (thick bar) are shown.KpnI; Bg, BglII; Xb, XbaI; Xh, XhoI; P, PstI; S, SfiI.
(B) Southern blot analysis of the genomic DNA from wild-type (WT),
heterozygous (Het), and homozygous (KO) SLAP-deficient mice. Ge-
nomic DNA was digested with BamHI/XhoI restriction enzymes and allele to their progeny. Homozygous SLAP-deficient
probed using the 5 probe. mice were born at Mendelian frequencies, indicating
(C) Northern blot analysis of the total RNA from WT, Het, and SLAP that the SLAP gene is not essential for embryonic devel-
KO mice. SLAP mRNA was detected using a probe corresponding
opment. SLAP null mice were fertile, appeared healthy,to the unique C terminus of SLAP. The blot was reprobed with anti-
and did not display any obvious physical abnormalities.actin probe to test for equal amount of total RNA. RT-PCR analysis,
Northern blot and RT-PCR analyses confirmed that thefollowed by sequencing of the product, revealed that the weak signal
detected in the SLAP KO lane represents a splice variant of anti- SLAP gene had been functionally inactivated (Figure 1C
sense NEO fused out-of-frame to a truncated SLAP message. and data not shown).
SLAP Deficiency Results in Upregulation of TCR, CD4,
expressing a MHC class II-restricted transgenic (Tg) CD5, CD8, and CD69 on DP Thymocytes
DO11.10 TCR was significantly improved over that of We focused our analysis on thymocytes and mature T
wild-type (wt) cells. Significantly, SLAP deficiency was cells because these cell types express the highest level
able to partially rescue thymocyte development in ZAP- of SLAP mRNA (Sosinowski et al., 2000). The numbers
70 deficient mice. We propose a model in which SLAP and distribution of the major thymic and peripheral T
plays an important role in thymocyte development by cell subsets, as defined by the expression of CD4 and
regulating TCR levels. CD8 markers, were grossly normal (Figure 2 and data
not shown). Levels of CD3 and TCR , however, were
markedly upregulated. In addition, SLAP-deficient thy-Results
mocytes displayed more moderate increases in CD4,
CD5, CD8, and CD69 expression (Figure 3A). These dif-Generation of SLAP-Deficient Mice
The SLAP gene was disrupted in embryonic stem (ES) ferences were present only at the DP stage of thymic
development and were not evident in mature T cells incells by replacing part of the promoter region and the
nucleotides encoding amino acids 1–20 with a neomycin the periphery (Figure 3A and data not shown).
CD5 is a negative regulator whose expression levelresistance gene (Figure 1A). The expected mutation of
the SLAP locus was confirmed by Southern blotting with rises steadily during thymic maturation (Azzam et al.,
1998; Pena-Rossi et al., 1999; Tarakhovsky et al., 1995).the indicated 5 and 3 probes (Figure 1B and data not
shown). SLAP/ ES cells were used to generate chime- Genetic studies have shown that the level of CD5 not
only correlates with maturation but also reflects theric mice, which subsequently transmitted the targeted
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Upregulation of CD69 occurs during both positive and
negative selection (Bendelac et al., 1992; Kishimoto and
Sprent, 1997). Figure 3 shows upregulation of CD69 ex-
pression on DP, SLAP-deficient thymocytes. In particu-
lar, the proportion of CD69high cells is significantly higher
among DP thymocytes in the SLAP-deficient back-
ground (p  0.001; mean  standard deviation: wt 
3.4%  0.8%, SLAP KO  8.0%  0.7%). This might
indicate that, in the absence of SLAP, more DP thymo-
cytes receive strong TCR signals leading to positive
selection or deletion.
SLAP Downregulates TCR at the DP Stage
Independently of the Positive Selecting Signal
Increased TCR density on SLAP null DP thymocytes
implicates SLAP in the regulation of TCR levels at this
developmental stage. Posttranscriptional polyclonal
downregulation of the TCR on DP thymocytes has pre-
viously been described (Bonifacino et al., 1990). Interest-
ingly, this process is preserved during thymic develop-
ment of cells expressing transgenic TCR  and  chains.
For example, despite unusually high amounts of the TCR
on DN thymocytes in HY TCR Tg mice, the level of the
TCR decreases to nontransgenic levels upon transition
to the DP stage (Borgulya et al., 1992). This active pro-
cess of TCR downmodulation at the DN-to-DP transition
has been observed in other TCR transgenic models
(Crompton et al., 1993; Hogquist et al., 1994; Wilson et
al., 1992).
Figure 3. Upregulation of CD3, CD4, CD5, CD8, and CD69 on DP We exploited this observation to study the influence
Thymocytes in SLAP-Deficient Mice of SLAP on the downregulation of the TCR in MHC class
(A) Ungated (Total) or gated on DP, CD4 SP, and CD8 SP populations I- and class II-restricted Tg TCR models of HY and
from a representative WT mouse (solid gray) or SLAP KO (line) mice DO11.10 mice, respectively. Our analysis confirmed that
were assayed for surface expression of CD3, CD4, CD5, CD8, or there was high surface expression of these transgenic
CD69.
TCRs on DN cells (Figure 4). In both cases we observed(B) DP thymocytes from WT (dotted thin line), Lck-deficient (solid
a significant downregulation of the TCR at the DP stage,gray), or Lck/SLAP doubly deficient mice (thick black) were stained
with subsequent upregulation of the receptors on thefor CD3 and CD5 expression. Data are represented as overlaid histo-
grams. positively selected SP cells (“WT” histograms; Figures
4A and 4B). To compare the degree of TCR downmodula-
tion at the DN-to-DP transition in various genetic back-
grounds, we normalized the TCR levels to the DN popula-amount of signaling received by the cells (Azzam et
al., 1998). In particular, both the level of TCR surface tion (Figure 4, bar graphs). This quantitative representation
of the data shows clearly that in contrast to the wt cells,expression and the intensity of the TCR signal influence
CD5 surface expression on DP thymocytes. The in- thymocytes from SLAP null littermates displayed either
no (Figure 4B) or only weak (Figure 4A) downregulationcrease in CD5 expression on SLAP null thymocytes,
therefore, might be indicative of stronger TCR signaling. of the TCR on the DP population.
Because productive engagement of the TCR by MHC-Although a direct role of SLAP in regulating CD5 levels
is possible, we favor the indirect effect through the regu- peptide complexes leads to reduction in TCR surface
density (Liu et al., 2000; Reinherz et al., 1982; Viola andlation of signaling intensity. In support of this hypothesis,
SLAP deficiency had only minimal effect on upregulation Lanzavecchia, 1996), one could argue that the poly-
clonal TCR downregulation observed in the selecting wtof CD5 on DP cells in Lck-deficient mice, a genetic
background where TCR signaling is severely compro- backgrounds (Figures 4A and 4B) was an artifact of Tg
expression. Specifically, in these genetic backgrounds,mised (Figure 3B). Indeed, the level of CD5 expression
on DP thymocytes in the Lck//SLAP/ doubly defi- all thymocytes express Tg receptors capable of inter-
acting with the selecting MHC-peptide ligands ex-cient mice is still considerably reduced when compared
with the DP thymocytes of wt mice. pressed in the thymus. This might lead to positive selec-
tion and, consequently, to TCR depletion from cellCD69 is another marker of developmental maturity in
the thymus (Anderson et al., 1999; Bendelac et al., 1992; surface. To address this concern, we repeated the ex-
periment in mice expressing the HY-reactive TCR trans-Bhandoola et al., 1999; Swat et al., 1993; van Meerwijk
and Germain, 1993; Yamashita et al., 1993). This early gene in a nonselecting H-2k MHC background, where
no productive engagements leading to positive selec-activation marker is induced on DP thymocytes within
24 hr of productive TCR engagement by ligands present tion can occur (Kisielow et al., 1988). Once again, there
was efficient TCR downregulation (80%) upon transitionon thymic stromal cells (Merkenschlager et al., 1997).
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Figure 5. Developmental Regulation of SLAP Expression
The indicated populations of cells were lysed, and SLAP was immu-
noprecipitated, Western blotted, and probed with anti-SLAP anti-
body (see Experimental Procedures). To reflect the relative amount
of lysates used for immunoprecipitations, the same lysates were
analyzed by Western blotting for actin.
(A) Thymocytes, lymph node cells, and splenocytes were either un-
stimulated (0) or stimulated with PMA and ionomycin (P  I) for the
indicated period of time (h). Two exposures of the same blot are
Figure 4. SLAP-Dependent Downregulation of the Tg TCR on DP shown.
Thymocytes (B) Freshly isolated thymocytes were enriched for the four major
Three types of Tg TCR models were analyzed: (A) class I restricted thymic populations: double negative (DN), double positive (DP), CD4
on a selecting MHC background (females expressing HY Tg on H-2b), single positive (CD4), and CD8 single positive (CD8). Lysates were
(B) class II restricted on a selecting MHC background (DO11.10 Tg normalized for total protein expression, and the amount equivalent
on H-2d), and (C) class I restricted on a nonselecting MHC back- to 108 of unfractionated thymocytes was used for anti-SLAP immu-
ground (HY Tg on H-2k). Freshly isolated thymocytes were stained noprecipitations.
for CD4, CD8, and the Tg TCRs. DN (solid gray), DP (thick line), and (C) Lysates from freshly isolated thymocytes of the indicated back-
SP (thin line) populations were gated on the basis of CD4 and CD8 grounds were normalized for protein expression and analyzed for
expression and analyzed for the Tg TCR density. Only relevant SP the SLAP expression by immunoprecipitation.
populations are shown: CD8 SP for class I restricted TCR (A and C) (D) Lysates from 108 of freshly isolated () or stimulated for 4 hr
or CD4 SP for class II restricted TCR (B). Bar graphs depict the level with PMA and ionomycin () thymocytes from the indicated genetic
of a transgenic TCR (mean fluorescence intensity) relative to the backgrounds were normalized for protein expression and analyzed
level expressed on DN, which is defined as 100%. Histograms repre- for the SLAP expression by immunoprecipitation.
sent individual mice, whereas bar graphs represent averages and
standard errors for at least three animals.
pare the actin signal). Short-term in vitro stimulation
with phorbol ester (PMA) and/or the calcium ionophorefrom the DN to the DP stage in wt mice (Figure 4C).
ionomycin modestly induced SLAP in the peripheral tis-However, this downregulation of the HY TCR was much
sues represented by lymph nodes and spleen. In con-less efficient in the setting of SLAP deficiency. Taken
trast, the same stimulation substantially induced SLAPtogether, the data in Figure 4 show that SLAP influences
protein in the thymus (Figure 5A). ConA-mediated stimu-downregulation of transgenic TCRs on DP thymocytes
lation of thymocytes also caused induction of SLAPin a manner independent of positive selection.
(data not shown). This upregulation was of lesser magni-
tude, however, likely due to the functional dependencySLAP Protein Is Expressed Predominantly
of ConA on TCR expression (Weiss et al., 1987), whichin DP Thymocytes
may be limiting on the majority of thymocytes.We previously characterized SLAP as being lymphoid-
Because the presence of SLAP dramatically influ-specific on the basis of its mRNA expression pattern
enced TCR levels on DP cells, we characterized SLAP(Sosinowski et al., 2000). Here we demonstrate that thy-
protein expression during thymic development. Highlymus and lymph node cells, while at rest, express low
enriched DN, DP, and SP thymic populations were ana-levels of SLAP protein (Figure 5A; long exposure, P 
lyzed for SLAP by immunoprecipitation. SLAP proteinI  0 hr). Notice that to emphasize the differences in
is present at higher levels in DP compared with DN orSLAP expression in the thymus versus the periphery,
SP cells (Figure 5B; compare SLAP and actin expres-we used twice as much lymph node cell and splenocyte
lysate as compared with thymocytes (Figure 5A; com- sion). This finding is consistent with SLAP deficiency
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affecting the phenotype of DP thymocytes (Figures 3
and 4).
Because SLAP expression is inducible in thymocytes
(Figure 5A), we postulated that the signal responsible
for protein expression could be delivered either through
the pre-TCR or the  TCR. To distinguish between
these two possibilities, we analyzed the level of SLAP
protein in mutant mice that have impaired signaling
through either receptor. Thymocytes lacking a pre-TCR
signal, due to genetic deficiency of Src family kinases
Lck and Fyn (van Oers et al., 1996), do not express the
SLAP (Figure 5C). Because Lck/Fyn deficient thymo-
cytes are arrested at the DN3 stage of development
(CD25CD44), the lack of SLAP expression might re-
flect either the direct dependency on pre-TCR signaling
or the indirect requirement for transition to the DP stage.
The ability of Lck/Fyn null thymocytes to upregulate
SLAP upon a 4 hr treatment with PMA and ionomycin, a
stimulation that is too short to induce the developmental
progression of DN3 cells into DP compartment, is sug-
gestive of the direct pre-TCR involvement (Figure 5D).
However, because the magnitude of this response was
at best modest, future studies are necessary to resolve
this issue.
In contrast to Lck/Fyn null cells, thymocytes defective
in  TCR signaling, due to lack of the receptor itself
(TCRKO) or to lack of the tyrosine kinase ZAP-70 (ZAP-
Figure 6. Increased Positive Selection of SLAP-Deficient Thymo-70 KO), which is required for propagation of the signal,
cytes Expressing a Class II Restricted DO11.10 Tg TCR
express wt levels of SLAP (Figure 5C). This rules out the
Cells were stained for CD4, CD8, and the Tg TCR and analyzed by
necessity of signaling through the mature  TCR for flow cytometry.
SLAP expression. Taken together, the data in Figure (A) Total thymocyte numbers and the percentages of the four thymic
5 show that SLAP is predominantly expressed in DP populations are shown for individual representative littermates.
(B) The average (bars) and individual (circles) frequencies of SPthymocytes (Figure 5B) and that its expression is induc-
thymocytes, or splenic CD4 T cells, are shown.ible (Figures 5A and 5D) and depends on the activity of
Lck and Fyn, but not on signaling through the  TCR
or on pathways dependent on ZAP-70 (Figure 5C).
In contrast to the studies with the class II MHC-
restricted DO11.10 TCR transgenic system, similar stud-
SLAP Deficiency Improves Positive Selection
ies employing class I MHC-restricted HY TCR Tg miceof DO11.10 TCR Transgenic Thymocytes
did not reveal alterations in either positive (females onThymic selection is critically dependent on the interac-
H-2b) or negative (H-2d) selection (data not shown). Ittion between the TCR and a selecting peptide presented
remains to be determined whether the absence of anby a MHC molecule (Sebzda et al., 1999). Significant
effect in these mice reflects a unique role for SLAP inprogress in the understanding of this process has been
the selection of CD4 cells or whether it relates to amade by analyzing TCR transgenic mice. These studies
specific TCR-ligand affinity.have demonstrated the influence of MHC-peptide den-
sity on both positive and negative selection. We rea-
SLAP Deficiency Rescues T Cell Developmentsoned that the SLAP-dependent regulation of TCR levels
in the Absence of ZAP-70on DP might also influence the outcome of selection.
Our initial report showed that SLAP functions as a nega-Further analysis of DO11.10 mice on the H-2d (selecting)
tive regulator of TCR signaling when ectopically ex-background demonstrated that the lack of SLAP allowed
pressed in Jurkat T cells (Sosinowski et al., 2000). Thetwice as many cells to mature into the CD4 SP compart-
finding that SLAP deficiency can improve positive selec-ment as compared with wt (Figure 6). Note that the total
tion in DO11.10 mice (Figure 6) supports this notion. Tonumber of thymocytes was unchanged, whereas the
assess the robustness of SLAP’s influence on positivenumber of DP cells decreased proportionally to the in-
selection, we asked whether deletion of SLAP couldcrease of SP cells. The increased number of positively
overcome the complete lack of positive selection ob-selected CD4 SP thymocytes, however, did not translate
served in ZAP-70 null mice (Kadlecek et al., 1998; Ne-into increased numbers of the corresponding mature
gishi et al., 1995). As previously reported, ZAP-70-defi-T cells in the periphery (Figure 6B). Analysis of mice
cient thymocytes are arrested at the DP stage, havingexpressing the DO11.10 TCR on the H-2b deleting back-
neither SP cells in the thymus nor  T cells in theground (Liu et al., 1996) showed that SLAP deficiency
periphery (Figure 7). Ablation of SLAP expression en-did not affect negative selection (data not shown). We
ables ZAP-70-deficient thymocytes to progress not onlyconclude that positive selection of DO11.10 TCR Tg
to the SP stage of development but also to becomecells on the H-2d background was potentiated by the
absence of SLAP. mature T cells in the periphery (Figure 7). The maturity
Immunity
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levels at the DP stage of thymic ontogeny (Figure 5).
Studies of two transgenic TCR models revealed that
SLAP regulates an active process of TCR downregula-
tion at the DP stage (Figure 4). For a given TCR, this
process occurs in either positively selecting or non-
selecting MHC backgrounds (Figure 4). Our functional
data show that SLAP is a negative regulator of thymo-
cyte development because inactivation of the SLAP
gene enhanced positive selection of thymocytes ex-
pressing an MHC class II-restricted Tg TCR (Figure 6),
and it rescued the development of ZAP-70-deficient thy-
mocytes (Figure 7).
Thymocyte development is a process of stepwise
events that can be followed by monitoring changes in
the surface expression of several molecules (Sebzda et
al., 1999). Expression of the TCR on DP thymocytes is
the key regulatory step in this process because it is
the interaction between the TCR and its ligands in the
thymus that determines the fate of cells. Although the
nature of this interaction remains controversial, several
studies have shown that changes in MHC/peptide den-
sity can modify the outcome of selection (Ashton-Rick-
ardt et al., 1994; Cook et al., 1997; Delaney et al., 1998;
Fukui et al., 1997; Girao et al., 1997; Kersh et al., 2000;
Sebzda et al., 1994, 1996). Moreover, the extent of thy-
mocyte development in TCR	-deficient mice reconstitu-
ted with transgenic 	 chains directly paralleled theFigure 7. SLAP Deficiency Rescues T Cell Development in ZAP-70-
Deficient Mice amount of TCR surface expression (Shores et al., 1994).
Taken together, these findings indicate that thymic se-(A) Thymocytes (upper panel) or lymph node cells (lower panel) of
the indicated genotypes were stained for CD4 and CD8 markers lection is controlled by the extent to which the TCR is
and analyzed by flow cytometry. The percentages of SP thymocytes engaged by MHC/peptide ligands. By downregulating
and mature T cells are indicated in the quadrants. the TCR, SLAP decreases the number of such TCR-
(B) The average (bars) and individual (circles) frequencies of the
MHC/peptide interactions. Therefore, the upregulationindicated populations present in ZAP-70 KO/SLAP WT (WT) or ZAP-
of TCR levels on SLAP-deficient thymocytes may ac-70 KO/SLAP KO (KO) mice are shown
count for the observed changes in thymic selection.
Previous work has provided evidence for the exis-
tence of an active process of TCR downregulation thatstatus of SP thymocytes and the peripheral T cells was
occurs normally at the DP stage. Disruption of this pro-confirmed by anti-CD3, -CD5, -CD69, and -HSA staining
cess was triggered in an in vivo system by the injection(data not shown). The observed rescue, although im-
of anti-CD4 mAb and in an in vitro system by the culturepressive, was still incomplete because only a low num-
of thymocytes in single-cell suspension (Marrack et al.,ber of mature CD4T cells were present in the periphery.
1988). The abnormally elevated levels of TCR wereThis could reflect alterations in homeostatic mecha-
thought to be a consequence of the disruption of thenisms that control T cell survival or expansion in the
CD4-MHC class II interaction by antibody blockade orperiphery, perhaps due to impaired TCR signaling. The
physical separation. Consistent with this interpretation,finding that SLAP elimination allows for positive selec-
mice deficient in MHC class II and CD4 also displayedtion of cells with a severe impairment of TCR signaling
upregulation of TCR on the DP thymocytes (Gosgroveprovides convincing evidence for SLAP functioning as
et al., 1991). CD4, by localizing Lck to the engaged TCR,a negative regulator of thymocyte development. The
enables Lck to initiate a signal cascade that is requiredmechanism for the rescue of development in ZAP-70-
for T cell activation. Importantly, DP thymocytes defi-deficient mice is novel because we failed to observe a
cient in Lck expression also upregulate TCR (Molina etsimilar effect in ZAP-70/ mice lacking CD5, another
al., 1992). It has been argued, therefore, that Lck activitynegative regulator whose absence enhances signaling
is necessary for TCR downregulation on DP cells (Wiestthrough the DO11.10 Tg TCR in response to H-2d ligands
et al., 1993). The same group proposed that the relevant(data not shown) (Pena-Rossi et al., 1999).
interactions leading to TCR downregulation might occur
between MHC/peptide and CD4 but not TCR itself (WiestDiscussion
et al., 1993, 1996). This might explain the downregulation
of both class I- and class II-restricted Tg TCRs in non-In this report, we describe the generation and the pheno-
selecting backgrounds (Figure 4C and data not shown).type of SLAP-deficient mice. We find that DP cells in
We postulate that the abnormal upregulation of TCR onSLAP null mice have increased levels of TCR, CD4, CD5,
DP thymocytes achieved either through physical sepa-CD8, and CD69 expression (Figure 3). That SLAP defi-
ration, with anti-CD4 mAb and single-cell suspension,ciency affects only DP thymocytes correlates well with
our finding that in wt mice, SLAP is expressed at highest or by genetic inactivation of MHC class II, CD4, Lck,
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and now SLAP might reflect interference with the same notype previously described for c-Cbl KO mice (Nara-
mura et al., 1998) (data not shown).developmental pathway.
The predominant expression of SLAP at the DP stage How might these molecules alter TCR levels? We have
previously shown that SLAP can function as a negativefits well with the observed phenotype of SLAP null mice
(Figures 5A and 5B). Lck/Fyn deficient thymocytes were regulator of TCR signaling and that it can physically
interact with the stimulated TCR complex (Sosinowskipreviously reported to be arrested at the DN 3 stage
(CD25CD44), due to a lack of pre-TCR signaling (van et al., 2000). SLAP was found to bind the N terminus of
c-Cbl in a yeast 2-hybrid screen and in GST pull-downOers et al., 1996). Figure 5C clearly shows the absence
of SLAP at this stage, implying either a direct role of experiments (Tang et al., 1999). In addition, both c-Cbl
and SLAP were shown to localize to endosomes, makingpre-TCR signaling in the induction of SLAP expression
or an indirect role through its influence on the develop- endosomes a likely compartment where both proteins
could interact (Levkowitz et al., 1998; Sosinowski et al.,mental progression leading to the stage at which SLAP
is expressed. The presence of the SLAP in TCR- and 2000). Endosomes have also been found to contain ubi-
quitinated protein conjugates, which suggests that thisin ZAP-70-deficient thymocytes argues that intact sig-
naling through the mature  TCR is dispensable for compartment might play a role in protein degradation
(Doherty et al., 1989; Laszlo et al., 1990). There are dataupregulation of SLAP expression. In addition, this pat-
tern of protein expression suggests that SLAP is in a demonstrating ubiquitination of the TCR 	 chain (Cenci-
arelli et al., 1992). Interestingly, c-Cbl has recently beenposition to influenceTCR, but not pre-TCR, signaling.
Consistent with this hypothesis is the finding that SLAP identified as the ubiquitin ligase for PDGF and EGF re-
ceptors (Joazeiro et al., 1999; Levkowitz et al., 1999).deficiency did not alter thymocyte development in Lck
We propose the following model for SLAP function.or Lck/Fyn null mice (data not shown).
Interactions between MHC class II and the  TCR, and/Our functional data support the proposed negative
or between MHC class II and CD4-Lck, lead to TCRrole of SLAP in thymocyte development. SLAP defi-
triggering. Engaged, phosphorylated receptors formciency, in an otherwise wt genetic background, allows
signaling complexes that are subsequently downregu-higher proportions of DP thymocytes to receive strong
lated. Once in the endocytic pathway, the interaction ofTCR signals leading to upregulation of CD69. Our data
these complexes with c-Cbl/SLAP results in their reten-also show that loss of SLAP can more than double the
tion, ubiquitination, and possibly degradation. Thisefficiency of positive selection of cells bearing an MHC
model is especially exciting in the light of a recent reportclass II-restricted Tg DO11.10 TCR (Figure 6A), and that
showing that stimulation-dependent TCR downmodula-it can rescue thymocyte development in ZAP-70-defi-
tion results from intracellular retention and degradationcient mice (Figure 7). ZAP-70/ thymocytes are arrested
of the receptor by lysosomes and proteasomes (Liu etat the DP stage due to severe impairment in TCR signal-
al., 2000). This model also reconciles the contradictioning and, thus, lack of positive selection. Elimination of
that genetic disruption of positive regulators of signal-SLAP, which is indeed expressed in ZAP-70 null thymo-
ing, such as MHC class II, CD4, and Lck, yields the samecytes (Figure 5C), could allow a weaker signal, perhaps
phenotype as inactivation of negative regulators, suchdelivered by the closely related protein tyrosine kinase
as c-Cbl and SLAP. According to this model, positiveSyk, which is expressed at lower levels in DP cells, to
regulators are necessary to “mark” the activated recep-partially restore positive selection. Two lines of evidence
tors by phosphorylation, whereas SLAP and c-Cbl couldsupport this hypothesis: (1) overexpression of Syk can
be required for their retention and degradation.restore development in ZAP-70-deficient thymocytes
Although the proposed model concentrates on the(Gong et al., 1997), and (2) there is an incomplete block-
SLAP-dependent regulation of TCR levels, it is possibleade in the development of ZAP-70/ human thymo-
that SLAP might also affect thymocyte development bycytes, which, unlike murine thymocytes, express sub-
directly inhibiting TCR signaling. In fact, overexpressionstantial amounts of Syk at the DP stage (Arpaia et al.,
of SLAP in Jurkat cells inhibited TCR signaling without1994; Chan et al., 1994; Chu et al., 1999; Elder et al.,
influencing TCR expression (Sosinowski et al., 2000).1994). Remarkably, as observed in ZAP-70 null patients,
Similar bimodal effects have been proposed for c-Cblonly CD4 T cells are present in the periphery of ZAP-
(Naramura et al., 1998). Further studies are in progress70/SLAP doubly deficient mice (Figure 7).
to differentiate between these two possibilities.Finally, the role of SLAP as a negative regulator is
supported by the fact that the phenotype of SLAP null
Experimental Procedures
mice is strikingly similar to the phenotype caused by
absence of a negative regulator c-Cbl. c-Cbl null DP Preparation of Targeting Construct
A bacterial artificial chromosome (BAC) containing a fragment ofthymocytes upregulate CD3, CD4, CD5, and CD69 to a
the murine SLAP gene (clone DMPC-HFF#1-255-A7) was obtainedsimilar extent as SLAP null cells (Murphy et al., 1998;
from Genome Systems Inc. (St. Louis, MO). Digestion of the BACNaramura et al., 1998) (data not shown). Likewise, in
DNA with the XbaI restriction enzyme yielded an 11 kb fragment
c-Cbl-deficient mice, enhancement of positive selection hybridizing with a 5 probe and a 10 kb fragment hybridizing with
was limited to an MHC class II-restricted Tg TCR model, a 3 probe (Figure 1). Both XbaI fragments were subcloned into
pBluescript KS() vector (Stratagene) and used to generate thewith no alteration of either positive or negative selection
restriction enzyme map (Figure 1A). To enrich for clones with homol-in an MHC class I-restricted HY Tg TCR transgenic ani-
ogous recombination, we used the positive/negative selection ap-mals (Naramura et al., 1998). Despite these similarities,
proach (Mansour et al., 1988). The targeting construct, containing
we did not observe significant hyperphosphorylation of a 5 homology region (KpnI-Bgl II), neomycin resistance (NEO), a 3
multiple proteins examined in response to antigen re- homology region (XbaI-PstI), and an HSV-thymidine kinase cassette
(TK), was prepared using standard methods.ceptor stimulation of SLAP-deficient thymocytes, a phe-
Immunity
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